Abstract -The objective of this work was to identify single nucleotide polymorphisms (SNPs) in resequencing data from MC1R, ASIP, and TYRP1 genes derived from Crioula sheep (Ovis aris) with different coat colors. Polymorphisms in the ASIP (agouti-signaling protein), MC1R (melanocortin 1 receptor), and TRYP1 (tyrosinase-related protein 1) genes were analyzed in 115 sheep from Embrapa's conservation nucleus of crioula sheep, in Brazil. A total of 7,914 bp were sequenced per animal, and 14 SNPs were identified. Two additional assays were performed to detect duplications and deletions in the ASIP gene. Ninety-five percent of the coat color variation was explained by epistatic interactions observed between specific alleles in the MC1R and ASIP genes. Evidence suggests an important role of TYRP1 variants for wool color, despite their low frequencies. The marker panel was efficient enough in predicting coat color in the studied animals and, therefore, can be used to implement a marker-assisted selection program in the conservation nucleus of sheep of the crioula breed.
Introduction
Crioula sheep (Ovis aries L.) have been locally adapted to Southern Brazil after centuries of use for lamb and wool production, during colonization of the region. Because of the presence of naturally colored medullated wool fibers in the wool produced by Crioula sheep, it is widely used for manufacturing handicrafts and in industrial tapestry in Brazil (Moreira & Silva, 2004; Arco, 2017) .
Sheep wool color can naturally vary from white to black, and dark and pale brown, and grey were also seen (Gonçalves et al., 2010) . The Crioula breed shows a distinct and frequent wool color called mouro, which can be defined as a mix of black and brown fibers. Some variations of mouro color are also frequent among flocks, such as mouro malhado, which shows the same mix of black and brown, but with white spots along the body (Moraes & Souza, 2011) .
The Crioula breed is maintained by producers and a conservation nucleus, located at Embrapa Pecuária Sul, Pelotas, RS, Brazil. Several studies have been carried out to characterize and preserve the breed (Vaz, 2000; Moraes & Souza, 2011) . The identification of genetic factors responsible for the determination of skin and wool color in this breed would allow selection and directional breeding for specific colors, aiming at different niche producers, transformation industries, and sale activities. It can also assist the planning of the optimal composition of the Crioula germplasm bank, in order to preserve the greatest possible genetic diversity for these traits.
Although mammalian coat color is a polygenic trait, three well-characterized genes are responsible for determining most of the observed variations: ASIP (agouti-signaling protein), MC1R or MSH (melanocortin 1 receptor or melanocyte stimulating hormone), and TRYP1 (tyrosinase-related protein 1) (Searle, 1968; Klungland & Vage, 2000) . These genes have been studied in several species, such as cow (Hanna et al., 2014) , pig (Liu et al., 2016) , rabbit (Utzeri et al., 2014) , goat (Fontanesi et al., 2009) , water buffalo (Miao et al., 2010) , yak (Chen et al., 2009) , horse (Rieder, 2009) , and sheep (Han et al., 2015) .
Epistatic interactions between ASIP and MC1R affect sheep wool color, such as the MC1R loss-of-function (E + E + genotypes), which triggers the production of pheomelanin and results in light-color phenotypes. Conversely, the presence of the dominant MC1R allele (E D E _ ) results in the constitutive activation of the receptor and, therefore, dark colors are present due to eumelanin production (Barsh et al., 2000; Girardot et al., 2005) . In general, the presence of the MC1R wildtype allele is required for the observation of ASIP gene products (Vage et al., 1999; Fontanesi et al., 2011; Hepp et al., 2012) . Few studies have been performed to evaluate these genes in locally adapted sheep breeds in Brazil (Hepp et al., 2012 (Hepp et al., , 2016 Muniz et al., 2016) .
Recent analyses, performed with wool color data from Crioula sheep progenies with different coat colors, in Embrapa's conservation nucleus, revealed a bimodal distribution between white/light (pheomelanic) colors and dark (eumelanic) colors (Moraes & Souza, 2011) . In the present work, resequencing data from fragments of the MC1R, ASIP e TYRP1 genes derived from these animals were analyzed to search for sequence variants associated with coat color, which could be used to optimize management and use of Crioula breed germplasm from conservation nucleus.
Materials and Methods
Rams, ewes, and respective progeny from 56 matings (N=115), derived from the Embrapa's conservation nucleus of Crioula sheep, were used in this study. The coat colors of 4-month-old sheared lambs were phenotyped by colorimetry (Figure 1 ), using the Munsell system, following procedures described in Moraes & Souza (2011) . Matings were previously performed within the germplasm conservation program following criteria established considering two groups of color classification (Table 1) , as follows: group 1, composed of five sires with light wool (pheomelanic) -two white, two white-masked, and one pale brown ram; and group 2, composed of three sires with dark wool (eumelanic) -two black ones, and one mouro ram.
Lymphocytes were used for DNA extraction, using a modified protocol from Miller et al. (1988) . Extracted DNA was quantified by spectrophotometry (Nanodrop ND1000) and visualized in 1% agarose gels. PCRamplified fragments from MC1R, TYRP1, and ASIP were generated using the primers listed in Table 2 . PCR products were purified with ExoSAP-IT, according to manufacturer protocols, and sequenced in both directions with an ABI PRISM 3100 Genetic Analyser, using BigDye Terminator v3.1 Cycle Sequencing kit.
Sequence electropherograms were analyzed with ABI software (Sequencing Analysis v. 5.1. and SeqScape v. 2.7), in order to obtain consensus sequences between forward and reverse runs, and to identify variants between individuals. All obtained sequences were aligned with reference sequences for each gene (MC1R, Y13965; ASIP, EU420022; TYRP1, EF102109/ DQ530058), and errors due to low-quality points on the sequence were manually edited using SeqScape. Observed single nucleotide polymorphisms (SNPs) were extracted from the alignments and compared with those previously described in literature. Arlequin 2000 v.3.5 software (Excoffier & Lischer, 2010 ) was used to estimate haplotypes within each gene, based on the final list of the observed SNPs.
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MC1R SNP genotypes were used to check the recorded pedigree using a parentage test implemented in Cervus 3.0.7 (Kalinowski et al., 2007) . All trios were checked for inconsistencies, and samples with unconfirmed parentage were eliminated from further analyses.
Fragment analysis was used to genotype D 5 and D 9 deletions observed in ASIP exon 2, and to genotype the ASIP gene duplication (Norris & Whan, 2008) . The previously described primer sequences (Fontanesi et al., 2011) , used for this analysis, are listed in Table 2 . PCR reactions were performed as previously described, and annealing temperatures used for each primer pair are also shown in Table 2 . Amplified fragments were genotyped using an ABI 3730 DNA analyzer. Genotypes were scored and sized using GeneMapper version 4.0 (AB, Foster City, CA).
Fisher's exact test was used to identify associations between coat color patterns and observed genotypes. Tested animals were divided into two groups (light and dark coat colors). Association analyses were performed using the FREQ procedure of SAS version 9.4 (SAS Institute Inc. Cary, NC, USA), including all samples. 
Results and Discussion
Brazilian Crioula sheep naturally show different wool colors, ranging from black to white, and including several tones of gray and brown, with or without spots. The most frequent phenotype observed in the studied samples was black (43.4%), and the least frequent one was pale brown (0.86%). All 115 tested animals were classified only in two groups -light wool (31%) and dark wool (79%) -because of the low number of samples, number for each existing wool color, and in order to simplify the analysis.
Partial sequencing of the three main genes previously shown to determine coat color in mammals revealed a total of 14 SNPs after the analysis of 7.914 bp per animal (MC1R, 953 bp; ASIP, 5.353 bp; and TYRP1, 1.609 bp). Five previously reported SNPs were observed in the MC1R gene. Three SNPs generated synonymous substitutions (c.429C>T, c.600T>G, and c.735T>C) (Fontanesi et al., 2010) , while two SNPs (c.218T>A, and c.361G>A) (Vage et al., 1999) + were found to be significantly associated with dark and light wool colors, respectively (Fisher exact test, p = 1.0e-4, Table 4 ). This association has been widely described in different sheep breeds (Vage et al., 1999; Deng et al., 2009; Fontanesi et al., 2010 Fontanesi et al., , 2011 . Paternity exclusion tests, performed with Cervus, using the sequence variation information from the (Table 1) . Seven SNPs were observed in the ASIP studied fragments; five of these were located in intronic regions, and two in exons. The polymorphisms g.5051G>C and c.5172T>A were found in exon 4, as reported by Norris & Whan (2008) . The SNP g.5051G>C is not expected to disrupt ASIP function, while c.5172T>A has been shown to cause functional changes to the agouti protein and, therefore, to be associated with the production of white wool (Gratten et al., 2010) . The presence of a previously reported duplication in the ASIP gene region was observed in 61 (67%) of the studied animals (Table 3 ). This duplication interferes in the estimation of haplotypes for this region and, therefore, SNP g.5051G>C was not included in the association tests. SNP c.5172T>A was not seen to be associated with wool color (Table 4) .
Two previously reported deletions (Fontanesi et al., 2011) in ASIP exon 2 (5pb -g.100-104del-AGGAA; and 9pb -g.1019del-AGCCGCCTC), known as D 5 and D 9 , respectively, were also observed in Crioula sheep (Table 3) . Fontanesi et al. (2011) associated the genotype D 9 N in Massese sheep with the production of grey wool; however, considering the presence of ASIP duplication, this genotype was observed both in white and dark Crioula samples. It seems that ASIP-MC1R interaction might not fully explain the segregation of grey pattern. Fisher´s exact tests showed that the duplication in the ASIP gene was significantly associated with the coat color in the Brazilian Crioula sheep, while the deletions were not (Table 4) .
Combined analysis of ASIP and MC1R variants showed a significant epistatic interaction between these genes, with few exceptions (Tables 3 and 4) , as it was previously described by Fontanesi et al. (2011) . Dominant MC1R extension alleles (E D ) determine eumelanin production, resulting in black wool, whereas recessive alleles (E + ) determine production of red/yellow/pale pigmentation due to pheomelanin synthesis. For the agouti locus, eumelanin is determined by the presence of a nonagouti allele (A a ) (Searle, 1968) . In the present study, alleles A a were found together with either deletion (D 5 and D 9 ), as well as with the genotype AA, for the exon 4 polymorphism g.5172T>A (Table 3) . Almost all pale wool animals (26 of 27) had the ASIP duplication and, therefore, at least one fully functional copy of the gene (A wt allele), which resulted in the production of white wool in the absence of the MC1R extension allele (E D ). Similar observations have been reported for Merino (Norris & Whan, 2008) and Texel, Bergamasca, Sarda, and Appenninica sheep breeds (Fontanesi et al., 2011) . Out of the 63 animals with colored wool, 5 did not fit in the described epistatic model. Two mouro animals and one mouro malhado showed the wild type allele E + , and neither ASIP duplication nor A a allele. The other two black exemptions were homozygous for E + and had the ASIP duplication and the D 5 allele. All 5 animals showed at least one H2 haplotype in the MC1R gene, which is the most frequently observed haplotype, suggesting that the deviation from the epistatic model is not due to observed MC1R variants.
Two previously described SNPs (Deng et al., 2008) were observed in Crioula sheep in the TYRP1 exon 1 (c.192G>C and c.462C>T). The SNP c.869G>T, previously associated with coat color in Soay sheep (Gratten et al., 2007) , was not observed in exon 4 of Crioula sheep. If we examine TYRP1 genotypes, together with the variants from ASIP and MC1R, it is evident that the CC genotype at c.192G>C was present only in 5 animals, including two exemptions to the ASIP and MC1R epistatic model: one black, and one mouro malhado. This suggests that TYRP1 variants can affect the interaction of Agouti and Extension loci, which will change the expected pattern of wool color. However, considering the low numbers of observations with this particular genotypic combination (Table 4) , the interaction between these three genes could not be tested. Higher sample numbers will be required to test this hypothesis.
The three animals that did not fit into the proposed epistatic model were likely the result of either of the following specific situations: there are polymorphisms in the studied genes which were not detected; polymorphisms in additional genes not included in the study associated with wool color in Crioula; undetected Aa recessive alleles present on the duplicated copies of the ASIP gene. Gratten et al. (2010) proposed a model in which recessive uniform wool color patterns in Soay sheep could be caused by homozygosity of any of three separate mutations in the ASIP gene. Recessive mutations can either impair Agouti protein function or abrogate ASIP expression, resulting in darkly pigmented uniform wool phenotypes, like those observed in Soay sheep (dark brown).
Conclusions
1. The MCIR, ASIP and TYRP1 polymorphisms observed for Crioula sheep (Ovis aries) have already been described for other breeds.
2. The proposed epistatic model between MC1R and ASIP genotypes can explain the wool color pattern for most of the studied animals.
3. TYRP1 variants, despite being present in low frequencies, may interact with MC1R and ASIP genotypes to affect wool color.
4. The described DNA variants and markers will will be used to assist management of the genetic conservation nucleus and to direct germplasm collection and cryopreservation. 
